Abstract. Eco-design strategies aim to integrate environmental considerations into product design and development. Several regulations, directives and standards have been issued on this topic during last years. In particular, European Directive (2009/125/EC) establishes the eco-design requirements related to domestic and commercial kitchen appliances (e.g. cookers, hobs, grills). The present paper focuses on the virtual product eco-design of domestic induction heating cookers, which are becoming one of the leading cooking systems due to their advantages, e.g. energy efficiency, rapid heating, cleanliness, and user safety. The adoption of numerical analysis tools for the simulation of cooktops use phase, based on thermodynamic modelling, allows to provide useful information regarding the performance of cooking system at each phase of cooking. The paper provides a progress beyond the stateof-art on thermodynamic models for induction hob simulation considering interaction between the cooktop and the pot in the work environment. The goal of the paper is therefore to propose a methodology able to support designers in evaluating heating performances of induction cooking appliances, early in the design phases, through a virtual and multi-physical product model. Thermodynamic performances are determined by measuring several parameters and reproducing the energy consumption test by the mean of a virtual prototyping tool. Results highlight how the proposed model is adherent with the real tests following a specific standard in this sector with a maximum deviation of 3.2% considering the different cooking pot sizes.
INTRODUCTION
In last years, there was a growing interest about the environmental issue of industrial products and several regulations, directives and standards have been issued on this topic. Eco-design strategies are defined as the integration of environmental considerations into product design and development to reduce the environmental impacts of products throughout their life cycle [10] . The EU issued a specific Directive (2009/125/EC) [3] concerning the energy efficiency requirements related to household appliances, which represent the highest impacting systems after space and water heating. This Directive establishes a framework for setting mandatory ecological requirements for energyusing (EuP) and energy-related products (ErP) sold in all the EU Member States, including domestic and commercial kitchen appliances (e.g. cookers, hobs, grills). In particular, domestic induction heating cookers are becoming one of the leading cooking system due to their advantages (e.g. energy efficiency, rapid heating, cleanliness, and user safety) [25] and this cooking technology was analyzed within this work. Among the eco-design framework, the European Standard EN 60350-2 [11] regulates the measurement of energy performances for induction hobs. Product energy performance is a crucial parameter both for manufacturers and end-users. Indeed, energy performances represent a powerful marketing mainstream because efficient energy consuming products could lead to a reduction in the total amount of the consumed energy and life cycle costs. The assessment of energy performances represents a fundamental action for induction hobs manufacturers. During the last years, many researchers focused on the induction heating with different studies concerning: (i) the development of high efficiency power electronic systems, (ii) the design of the inductor, and (iii) the efficiency improvement of the cooking processes by means of the pot optimization [1] , [27] . In particular, some authors studied the behavior of cooking stoves and pots with theoretical models and experiments, focusing to the thermal efficiency of pots [23] .
Other researchers have analyzed the efficiency improvement of the cooking processes by means of the pot optimization, or the study of the efficiency of pots through experimental and neural network methods [22] , [28] . Other works have focused on models that consider a uniform heat distribution in the bottom of the pot [2] , [9] . However, these works lack in two main aspects: (i) they started from physical prototypes, and (ii) eco-design considerations are not included in the analysis. Numerical tools for the simulation of cooktops use phase, based on thermodynamic modelling, are able to provide additional information regarding the performance of cooking system. Analyzing the literature production, only few works have been developed considering thermodynamic models for induction hob simulation [13] [19] .
In particular, these tools are conceived for the design and simulation of the technology, rather than for the simulation of product performances. As an example, McCarthy and Bryden [16] proposed a steady-state heat transfer model for the improvement of the cooking stoves, investigating fluids behavior around the pot. The limit of this work is that the discussion is not extended to the thermodynamic phenomena within the pot and it assumes that the water in the pot is already at the boiling temperature. Similarly, other works [8] , [11] developed detailed thermodynamic model including also losses from the pot sides and heat transferred to water volume, but in both cases the water was assumed to be already at the boiling point. From the literature emerges that existing models do not consider all the parameters that are needed to allow the simulation of system operative principle under different conditions [4] . A virtual model focused on the induction hob-pot system and on its different configurations, is required to implement eco-design strategies.
The goal of the present paper is therefore to propose a methodology able to support designers in evaluating heating performances of induction cooking appliances, yet in the early design phases, through a virtual and multi-physical product model. These performances are determined by measuring several parameters in other to reproducing the energy consumption test (EN 60350-2) without to build a physical prototype. The virtual model is based on the resolution of the electromagnetic model (Maxwell equations) coupled with a thermo-fluidynamic model (mass conservation, momentum and energy conservation equations).
The paper is organized as follow: the next paragraph presents the methodological approach that leads to the evaluation of the energy efficiency of the product from the virtual model. Then the test case used to validate the virtual model through the comparison with experimental tests is described. Finally, the conclusion section, with a discussion on the main advantages of the proposed methods and future works are presented.
METHODOLOGICAL APPROACH
The present research work is based on the 3D modelling (CAD system) of the system of interest (both induction system and pots) and its virtual simulation (CAE systems) using dedicated physical models (thermal and electromagnetic). Figure 1 represents the framework of the proposed approach including the adopted software tools. The virtual design approach requires the definition of three main items (i) a parametric CAD model, (ii) a multi-physical virtual model, and (iii) a real test experimental set. The approach starting with the definition of input data, such as technical inputs, performance, customer requirements, features of the product. The first phase regards the definition and the generation of a 3D CAD model. During this phase, designer and engineers develop the product virtual model of the system under analysis (Figure 2 ). This task is performed using mechanical 3D CAD tools. The computational effort for performing the simulations depends on the shape complexity of the CAD model.
Even the presence of a single and relatively small geometric detail (feature) can increase the size of the underlying discrete physical simulation problem by as much as 10-fold [15] . The computational time to perform a finite element analysis on a part with hundreds of small features, could be very long. Extremely large computational times may limit the usefulness of simulations during design cycles. Complex models may often lead to ill-conditioned matrices and hence working with non-simplified complex models may produce inaccurate results [21] . The use of more and more powerful processing units is not an answer to the problem associated with highly complex models. To get accurate results in a timely manner, simulations should be performed using simplified models that retain the only important details.
The resulting geometry is a model which excludes all those elements with a low influence on mechanical behavior, e.g. through holes, threads, small fillets and chambers, electrical components, etc. At this level, the main geometrical and non-geometrical parameters have to be identified and a parametric simplified CAD geometry is created. The second step is characterized by multi-physical model setting definition which allows to simulate the electromagnetic and thermos fluid dynamics behavior of induction hob using Finite Element Method (FEM) and Computational Fluid Dynamics (CFD) tools. The virtual prototyping level employs numerical simulation techniques to create a digital model of the product able to reproduce its behavior under certain working conditions. Currently, FEM or FVM are two of the most widely used methods to perform virtual engineering analysis. VP uses a digital model called "virtual prototype" for testing and evaluating specific characteristics of a product/manufacturing process in a computational environment. Therefore, in virtual prototyping, faults concerning fabrications, product design and production planning can be detected in a compressed time frame before great expenditures are committed. This advantage significantly reduces the number of physical iterations and thereby the associated manufacturing overheads that leads to faster and cost-effective product development. Once the virtual prototyping is created, the model may be sent directly to physical fabrication or to customers for the approval/comments. Since digital models are mostly used in VP, the cost incurred in repeating the process to optimize prototype quality is minimal. Through VP method it is possible to speed-up the design process and reduce/avoid fabrication of physical prototypes.
Independently by the adopted software tool, the simulation process is carried-out in three steps: pre-processing, processing and post-processing. During the pre-processing phase, the numerical model is built: the CAD geometry is discretized, while set up and boundary conditions are defined. The set-up phase involves defining the type of simulation (structural, fluid-dynamic, modal etc.), the principal equations of the model, and the operational conditions. The processing phase consists in the resolution of the equation defined in the previous step. The last step of VP level is the postprocessing. In this phase the results obtained from the virtual simulation are collected and processed. Each physical quantity can be displayed both as a graphical trend (plane contour, vector, streamline etc.) and as a numerical table.
In this study two different models have been solved: electromagnetic and thermal models. The electromagnetic model solves the Maxwell's equations (FEM tools), calculating the eddy current phenomenon and the consequent Joule effect on the pot. The electromagnetic model used is based on the set of Maxwell equations:
where ⃗ ⃗ denotes the magnetic field, ⃗ the magnetic induction, ⃗ the electric field, ⃗ ⃗ the electric flux density, the electric current density associated with free charges. The following relations are for the intrinsic material properties:
where  is the dielectric constant, the magnetic permeability, and σ the electrical conductivity. When the frequencies are low or medium, it is possible to neglect the displacement currents in the Maxwell-Ampere equation (magneto-quasi static approximation) [14] .
The thermal model solves the thermodynamics equations (CFD tools). In the multi-physical model, the output obtained by the electromagnetic model is the input to the thermal one. Depending on the current and frequency that passes in the copper coil, it is possible to evaluate the eddy currents generated on the bottom of the pot and the relative heat generated by the Joule effect. The heat which is obtained through the electromagnetic model is an input to the thermal module and is able to simulate the fluid-dynamic behavior of the product.
In particular, the thermal model investigates the heat exchange and temperature distribution on the system, to determinate the energy consumption in accordance with the normative. In general, there are two methods of simulating heat, mass transfer and flow of the fluid in CFD: the first method is a single-phase method with effective physical properties such as thermal conductivity, heat capacity, density and viscosity of a composite fluid representing the characteristics of the fluid in bulk [24] . The second method is a two (or multi-) phase approach, which defines the first phase as a fluid and the second phase as a fluid cloud of particles (solid). The two-phase model is found in literature to provide improved predictions over the single-phase model [2] ; as such the two-phase method with Eulerian-Eulerian approach is applied in this work. This approach assumes that at least two fluids are continuously penetrating each other. The volume fraction of the fluids in each cell sums to unity. For each fluid, the full set of conservation equations is solved. Therefore, each fluid has a different velocity field. The certain morphology of one or the other phase is neglected. This enables the limitation of computational effort to be applied for industrial problems. The information lost by averaging has to be reappear in the closure relations describing the exchange between the phases. The mechanisms of the interaction of the fluids are the momentum transfer between the phase, the mass transfer modelled by phase change and the energy transfer. Mass conservation, momentum and energy conservation equations of the multi-fluid model are represented by the following equations:
where the subscript k denotes the phase and i stands for the value at the interface, denotes the length scale at the interface, ρ is the density, U is the velocity vector, t is the time, p is the pressure, g is the gravitational acceleration, α is the volume fraction, τv is the average viscous shear stress, τst is the turbulent shear stress) D is the interfacial shear stress, Mi,k is the mass generation, Γk the generalized interfacial drag, q''ki the interfacial heat flux and Φk the interfacial dissipation.
The discretized conservation equations are solved iteratively until convergence. Convergence is reached when changes in solution variables from one iteration to next are negligible, overall property conservation is achieved and quantities of interest have reached steady values [5] . The accuracy of a converged solution is dependent upon: appropriateness and accuracy of physical models, assumptions made, mesh resolution and independence and numerical errors.
In terms of turbulence treatment, the dispersed phase zero equation is used for the dispersed gaseous phases, while the SST k-w approach is used for the liquid phase. One of the advantages of the k-w model over the k-e is the treatment when in low Reynolds numbers for a position close to the wall. The effect of bubbles on the liquid turbulence is considered by additional source terms [20] Radiation is an existing phenomenon in the hob systems, the analysis of which via CFD has been previously carried out by Mirade et al. [17] and Mistry et al. [18] . In this study, S2S radiation models were selected. S2S radiation model's main assumption lies in neglecting all absorption, emission or scattering of radiations and considering only surface to surface radiation to be significant enough. The energy flux leaving a given surface was composed of directly emitted and reflected energy. The reflected energy flux was dependent on the incident energy flux from the surroundings, which then can be expressed in terms of the energy flux leaving all other surfaces. The energy reflected from surface K can be written as:
where  the emissivity, σ is the coefficient of Stefan Boltzmann, ρ is the density, q is the energy flux and K is the surface.
The multi-physics approach requires the solution of the electromagnetic and fluid dynamic problems. The virtual modeling of the induction heating phenomenon is composed by an iterative solution of the time harmonic electromagnetic problem and the transient thermal one. In the electromagnetic analysis, FEM tool is able to estimate the heat flux in bottom of the pot, starting from the input values of current and frequency which feed the coil. The value of the heat flux of the first analysis is necessary as the input for the following thermal one with a CFD tool and for the calculation of the final output such as induction heating, temperature distribution, water heating in energy consumption test.
The last step of the methodology is the comparison between the results gained with the numerical model and the results of experimental tests performed following the dedicated standard. The aim of this comparison is to evaluate the gap between the virtual and the real models. The final result is the evaluation of the energy consumption of the product from the virtual model, since the first design phases and overcoming the need of experimental tests.
TEST CASE
This section presents a case study concerning the simulation of the hob energy performance. The case study involved the realization of a virtual model able to simulate the real behavior of the hob and the comparison with the experimental tests in order to validate the proposed methodology.
As describe in chapter two, the first step of the proposed approach is to define the characteristic of the hobs. In this case, a standard induction hob, which is described in Figure 3 a, has been chosen.
The output of the method is the determination of the energy consumption index in according to the European Standard. This standard (EN 60350-2:2013, [11] ) defines the features to control time and temperatures during the execution of the test: the preheating period is the period of the test in which the induction plan is set to the maximum power until the water reaches a temperature of 70 [°C] (called Tc temperature in the graph). At this point, power is reduced to 25% ±5% of maximum and the water temperature still continues to rise until it reaches the temperature of 90 [°C] (modulation period). The simmering period starts when water reaches for the first time the temperature of 90 [°C] and lasts 20 [min] in order to obtain a temperature ≥ 90 [°C] . Heating up and keeping the temperature for a defined period represent a typical household cooking process. The simmering time of 20 [min] represents an average household cooking duration (Fig. 3 (b) .). For the generation of 3D CAD model, Solid-Edge® software tool by Siemens® was used. The surfaces have been made as "smoother" as possible, to allow prism layers to be extruded from the surface in the next mesh phase. Where possible, sharp angles should be replaced with radius fillets of 2 [mm] . Details smaller than a millimeter have been eliminated. Holes, threads, structural reinforcements external to case have been removed for model simplification.
As explained in the previous section, the virtual model is composed by an electromagnetic simulation and a thermal one. In order to reduce the calculation time two different CAD models have been realized in function of the physics to be solved. Figure 4 shows the difference between two models. Starting from the real model, Figure 4 (a), the two CAD models of Figure 4 (b) and (c) have been realized. The electromagnet model is composed by 8 ferrite bars, a coil of 180 [mm] of diameter, a pot with lid and the water inside the pot. All components that do not produce electromagnetic effects have been neglected, so they do not modify the results. The glass plane, pot, water and lid have been created for the thermal simulation. Moreover, the volume that represents the surrounding environment has been realized. There is no defined standard dimensions for the surrounding environment, but the volume depends by the specific case study. For each type of simulation there are best practices, deriving from the experience and know-how, which define the external environment dimensional standards. In this type of simulation, the dimensions of the external computational volume should be at least 3 pot lengths in front and behind.
In the second step of the proposed methodology, the multi physical model has been realized. The numerical simulations have been performed using commercial FEM and CFD code ANSYS® 19.0. (Maxwell® and Fluent®). A structured tetrahedral mesh was generated using ANSYS mesh. To reduce numerical diffusion during simulation, high quality mesh was created at all domains. In the development of the virtual model the parameters that can be set by the user for the simulation include: materials, pot characteristics, ambient conditions, test procedures and specific current and frequency for each power level at which the device is operated (expressed by the heat flux available at the bottom of the pot). The main outputs of the model are the trends of the water heating and the total time to complete the test in order to evaluate the energy consumption.
Standardized cookware with lid and water amount as specified in the eco-design test are used for the virtual models. The material of cookware bottom is stainless steel AISI 430 according to EN 10088-2, the thickness is 6 [mm] ± 0,05 [mm] . The surface shall not be shiny, and the cookware is cylindrical without handles or protrusions. For the electromagnetic simulation the input values are current and frequency on the coil. The electromagnetic solver calculates the magnetic field at the input sinusoidal frequency. The coil induces eddy currents and losses in the pot. For each system configuration of Table 1 the electromagnetic problem has been solved at different values of current and frequency. Table 2 shows the result obtain at the maximum power (preheating period) for each scenario. The values of current and frequency have been measured through physical tests. The same consideration has been made for the simmering period. The solution of the electromagnetic problem converts an input of current and frequency in a power on the pot. Thanks to this model it is possible to evaluate the power transmission between the electric network and a pot, but it is not enough to determine the energy consumption index. Though use of thermal model, it is possible to analyze the behavior of the fluid inside the pot (simulating the real use of the hob) and measure the energy consumption consumed during the standard energy consumption test. The thermal simulation is composed of two steps corresponding to the "heating up period" and the "simmering period". During the simulation of the "heating up period" when the water reaches the Tc temperature, as described in the regulation EN 60350-2 - [11] , the input power is reduced in order to keep the water temperature as close as possible to 90 [°C] for the "simmering period", as described by the test.
System configuration
To simplify the thermal model, the following assumptions were considered: natural convection boiling, isobaric process, isothermal surface, transient condition, two phase heat transfer and multiphase in water evaporation. Simulations were considered to solve the transient and incompressible flow, while the air fluid was considered as a perfect gas. The boundary concerns the total pressure and the ambient temperature reproduced the same required by regulation. The assumption of no-slip condition at the inside wall of the pot is valid and the convection in the pan is a laminar flow. The gravity force of -9.8 [m/s2] is added axially in the pot. The starting temperature of the system (water, pot, glass plane) was 15 [°C] and the external temperature was 25 [°C] . Figure 6 shows the temperature trend on the middle section for the three different pots. The figure refers to end of the preheating phase (water temperature is about 90 [°C]). From the results it is possible to note that the bottom of the pot reaches temperatures of about 170 [°C] and the hottest areas are the external zones. This trend depends mainly on the coil geometry. From the result of electromagnet simulation, it is possible to note a greater current density in the external areas of the bottom of the pot. This phenomenon causes non-homogeneous heating which can reduce the performance of the system. [°C], was used to measure the water temperature. The K-type thermocouple was a fine wire with 0,2 [mm] diameter and was inserted into the specific hole of the lid of the pot selected for the experiments. Water temperature was thus recorded every 1,3 [s] using a data logger. Ambient air relative humidity was measured by means of a digital humidity level meter (resolution ± 0.1%). Ambient air temperature was measured by means a digital thermometer (resolution 0.5 [°C]). A wattmeter was used to read the electric power absorbed by the induction cooker at different power level and an AC/DC Current measurement system was used to read frequency and current on the coil. In order to validate the whole methodology, Table 4 , shows the power and energy consumption during the energy consumption test obtained with virtual and physical test. A good correspondence, both in terms of the maximum power values and the energy consumed during the test is noticed (max error = 3,2% for the 180 [mm] pot). 
CONCLUSIONS AND FUTURE DEVELOPMENT
The paper describes an approach to support designers during the design phase of household appliances. In particular, the aim of this paper is the definition of a methodological approach able to replicate, through virtual prototyping tools, the real energy consumption test, in accordance with the reference European normative. A Multiphysics approach has been applied for the virtual analysis of both the electromagnetic behavior and the thermal fluid dynamic one. Virtual analyses (FEM and CFD) have been compared with real experiments and a gap of 3,2% has been noticed. By measuring the energy absorbed during the test of energy consumption it has been possible to quantify the energy class of the analyzed product. Through the analysis of the results, the designers can identify which are the most influential parameters on product performance and consequently make the necessary adjustments and technical considerations (eco-design actions).
The methodology proposed in the paper has been developed for induction hobs, but its structure is flexible, and it could be applied to different types of products whose operational phase is Multiphysics. Further works will consist in applying the general architecture of the proposed approach to other products, by the definition of specific models on the basis of the physical behavior to simulate.
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